[1] The binary nature of Northern California's ecohydrology, in which water is either abundantly available or scarce, should be reflected in the root architecture of the native blue oak. Our objective was to quantify carbon storage and understand how the form of the root system facilitates ecosystem functioning despite the asynchrony between winter water availability, spring leaf growth, and dry-summer canopy maintenance. To do this, we surveyed coarse root distribution with a ground penetrating radar (GPR), due to its advantages in covering large areas rapidly and non-destructively. We calibrated root biomass detected by GPR against roots excavated from a number of small pits. Based on a survey of six tree configurations (varying in age, size, and clumping), we found that coarse roots occupy the full soil profile and that coarse root biomass of old large trees reached a peak directly above the bedrock. As opposed to other semi-arid regions, where trees often develop extensive shallow lateral coarse roots to exploit the entire wet-soil medium, we found that root density decreased with distance from the bole, and dropped sharply beyond a distance of 2 m. We upscaled tree root biomass to stand scale (2.8 AE 0.4 kg m À2 ) based on lidar analysis of the relative abundance of each tree configuration. We argue that this deep and narrow root structure reflects the ecohydrology of oaks in this ecosystem. An extensive lateral root system would not be beneficial during the growing season, when water is sufficiently abundant, nor during summer, when soil water is highly limited. 
Introduction
[2] Tree roots play a critical role in a wide range of ecosystem processes and feedbacks but remain poorly quantified compared to aboveground structure and function. In woody vegetation, functional roles are divided between fine and coarse roots: nutrients, oxygen, and water are obtained by fine roots and their associated mycorrhizae, and coarse roots support the network of fine roots, deliver nutrients and water to the shoots, and support the tree structure [Fogel, 1983] . Fine roots track changes in aboveground phenology, and in soil temperature, moisture and nutrient availability [Cheng and Bledsoe, 2002] , resulting in seasonal changes in biomass and distribution, and high annual turnover rates [Day et al., 1996] . Although fine root production on an annual basis is generally high, their contribution to the total belowground biomass is comparatively small [Vogt et al., 1996] . Coarse roots, oppositely, grow at a rate similar to that of aboveground biomass, such that their size is closely correlated to tree size and age [Velten and Richter, 1995; Millikin and Bledsoe, 1999; Makela et al., 2008] . Biomass ratios between roots and shoots in trees maintain a balance between carbon allocation to aboveground growth, which increases plant photosynthetic and reproductive capacity, and carbon allocation to belowground growth, which increases access to soil water and nutrients [Lynch, 1995; Kleidon and Heimann, 1998 ]. The stability of the root-shoot ratio allows one to calculate belowground biomass relatively accurately based on allometric relationships with tree width and height [Drexhage et al., 1999] . Information on root biomass is important for determining the size of carbon pools and fluxes. But in order to upscale root biomass, identify water sources, and estimate tree sensitivity to climatic and landscape changes, additional information on the spatial distribution of roots is essential. Yet, such information is often unavailable.
[3] In general, root distribution follows some broad consistent patterns and tracks resource availability in space and time. In most ecosystems, the majority of roots are found in the upper 30 cm of the soil, and root density decreases with increasing distance from the bole [Stone and Kalisz, 1991; Canadell et al., 1996; Jackson et al., 1996; Schenk and Jackson, 2002] . The tendency of roots to proliferate around the bole is self-perpetuating, because the mineralization of essential nutrients for future root acquisition is, in part, supplied by microbial decomposition of existing roots. In addition, soil moisture is often higher near the bole, because tree canopies reduce rainfall intensity, the presence of plant litter reduces runoff, roots improve infiltration processes, organic material increases soil water holding capacity, and tree shading and plant litter slow soil evaporation. But root systems do not look like upside down tree canopies; root distribution varies considerably across space and time, making it even more challenging to study these buried systems. Additional factors that contribute to root distribution patterns may be more site specific and include characteristics such as soil depth, texture, salinity, nutrient availability, water holding capacity, and root competition from other community dominants [Kramer, 1969; Coomes and Grubb, 2000; Yanai et al., 2006; Macinnis-Ng et al., 2010] . Climate also has a major effect on root distribution, especially in ecosystems where water is limited. Root systems tend to be shallow and laterally extensive in semi-arid climates Vogt et al., 1996; Schenk and Jackson, 2002; Guswa, 2008] , in response to the short and sporadic nature of precipitation, which limits soil water infiltration to shallow depths [Sala et al., 1982] . In arid ecosystems, roots tend to explore deeper layers for water pools. In addition to groundwater, moisture stored in bedrock and in deep soil layers can play an important role in the survival of vegetation in semi-arid climates [Heisler-White et al., 2008; Knapp et al., 2008; Schwinning, 2010; Yaseef et al., 2010] . Nonetheless, plants tend to grow roots only to depths that are sufficient for the provision of resource requirements and are constrained by the imperative to reduce maintenance costs during periods of stress [Schenk and Jackson, 2002] .
[4] The oak-grass savanna vegetation at our research site is typical of large areas in Northern California [Tyler et al., 2006; Baldocchi et al., 2010] . This region enjoys wet and mild winters but experiences extreme hot, dry summer conditions, with occasional drought years. The understory is dominated by cool-season C 3 annual species, but the overstory oaks are winter decidous, despite the severity of summer conditions. Oak leaf growth begins in early spring, when temperatures are moderate and soil water is ample, and a full canopy is maintained throughout the dry summer and until the onset of the next cool season in autumn. In that sense, trees are out of synchrony with water availability but benefit from the greater warmth and extended photoperiod of spring and summer. Water uptake from groundwater helps explain the incongruity of tree growth with soil water availability in this ecosystem. Roots growing in bedrock cracks are observed at open cleavages in this region, and evidence for groundwater uptake by blue oaks was obtained by tracer studies for a nearby site [Lewis and Burgy, 1964] . At our site, the high correlation between fluctuations in groundwater depth and sap flux measurements indicates that tree water uptake from groundwater accounts for up to 80% of the evapotranspiration flux during the dry summer months [Miller et al., 2010] .
[5] We sought to characterize root architecture and to integrate root function into an emerging picture of ecosystem pattern and process at a site for which there is an extensive measurement record of carbon and water exchange and a comprehensive set of aboveground measurements. Our specific objectives were (1) to define tree level coarse root biomass and test the potential for upscaling based on lidar measurements of aboveground canopy structure in order to estimate stand level carbon storage, (2) to understand coarse root structure in order to explain how root architecture in this Mediterranean-type oak-savanna ecosystem is capable of supporting aboveground demands for water and nutrients during both the short wet spring and the long dry summer seasons, and (3) to examine the applicability of ground penetrating radar, as described below, in surveying coarse roots.
Materials and Methods

Applicability of Ground Penetrating Radar (GPR) for Surveying Coarse Roots
[6] Standard methods to investigate root architecture include sampling by means of trenches, pits, and cores [Thomas and Hartmann, 1998; Park et al., 2007; Macinnis-Ng et al., 2010] , as well as excavation of the entire root systems [Drexhage et al., 1999] . These methods are laborious and costly and can be destructive to trees, often necessitating small sample sizes. Recently, use of ground penetrating radar (GPR) to map and quantify whole tree root systems in situ has been tested and applied to a range of ecosystems [Hruska et al., 1999; Butnor et al., 2001; Barton and Montagu, 2004; Stover et al., 2007; Dannoura et al., 2008; Zenone et al., 2008] . The application of this method is promising, because it is non-destructive, rapid, comparatively low cost, and can be applied to relatively large areas, giving a more complete picture of root architecture at the landscape scale.
[7] GPR has long been applied to detect structures and features buried in the ground. The first report of GPR usage was that given by Stern [1929] , who used it to estimate the extent of a glacier in Austria. Since then, GPR has been deployed on space shuttles, airplanes, inside boreholes, and on the surface of the moon [Olhoeft, 2002] . Currently, GPR is routinely used in commercial applications, as a tool to locate pipes and cables within the upper 2 m below the surface. GPR are also used as a geophysical research tool, and some examples of applications are detection of archeological sites [Pérez Gracia et al., 2000] , caves and mines [Chamberlain et al., 2000] , burials [Schultz et al., 2006] and fossils, sedimentary processes, rock fractures and fissures [Adrian, 2004] , soil water content measurements [Grote et al., 2003; Huisman et al., 2003] , groundwater dynamics [Yoshikawa and Hinzman, 2003] , ice sheet and permafrost [Vaughan et al., 1999] , and forestry applications [Lorenzo et al., 2010] . While roots are considered as an unwanted source of noise in these applications, GPR can also be used to specifically detect coarse tree roots.
[8] Ground penetrating radar is based on the observation that materials differ in their dielectric capacity. The dielectric permittivity of a material expresses the ability to decrease the attraction between electrical particles, as a function of the electric displacement and intensity of an electrical field. The permittivity of materials is measured relative to that of air, such that the dielectric constant of air = 1 and that of dry wood = 1.4. Soil minerals are in the range of 3-10, and the permittivity of water is significantly different: 78.5 at 25 C [Jones et al., 2002; Robinson et al., 2003] . The high permittivity of water originates in the polarization of the water molecule; when placed in an electrical field, a water molecule will align with the field, enabling it to store energy and react as a dielectricum. Soils are a mixed medium of varying amounts of minerals, organic material, gas, and water, but their dielectric constant will be mostly determined by water content.
[9] When a traveling electromagnetic wave hits a boundary between materials with different dielectric constants, such as a dry soil and a water-conducting root, part of it will be reflected. The reflected fraction is proportional to the difference in the dielectric permittivity between the materials. The difference in dielectric permittivity of a root and its surrounding matrix, and therefore the ability of a traveling electromagnetic wave to detect this boundary, varies in time and space as a function of soil characteristics (texture, water content) and root characteristics (size, depth, orientation, water content) [Zanetti et al., 2010] .
[10] Ground penetrating radar is comprised of two major components: a radio-wave emitter and a receiver antenna that picks up the electromagnetic returning signal [Daniels, 1996] . The depth of the buried objects is defined by GPR according to the wave travel time (emitter to the receiver). When a GPR is carried over a surface, it generates successive pulses, resulting in a pseudo-image in the form of a hyperbola, with the vertex located above the shortest distance to the object (Figure 1 ). In a typical GPR profile (Figure 2 ), the direction of progress is presented as distance on the horizontal axis, and time duration (equivalent to depth) of the returning pulse is in the vertical direction.
[11] GPR surveys to study tree roots began more than a decade ago [Hruska et al., 1999] . Since then, GPR methodology has been improved and refined, based on various field observations [Butnor et al., 2001; Butnor, 2003; Barton and Montagu, 2004; Zenone et al., 2008] , controlled experiments with buried roots Hirano et al., 2008] , and used in a number of environmental studies [Fourcaud et al., 2002; Cox et al., 2005; Stover et al., 2007] . In the following paragraph, we summarize issues that have arisen in previous studies which require consideration when surveying tree roots with GPR.
[12] The first concern relates to site compatibility. Ideally, the site should have a flat terrain, with limited or low density herbaceous understory vegetation, to allow ease of access and continuous measurements. In soils, energy is absorbed and scattered by water, salts, and clay particles; therefore, ideally these attributes should be low, to achieve good root representation. For example, Butnor et al. [2001] showed that penetration depths with a 400 MHz GPR were reduced from 5 m in a sandy soil, to less than 2 m in a clayey soil. Bedrock, which borders the GPR root-detection horizon, and the existence of small rocks inside the soil, which can be mistaken for roots, are also important factors to be considered. The second concern relates to the selection of radar frequency, which should account for tradeoffs between penetration depth and image resolution. Highfrequency waves quickly dissipate in the ground, and an electromagnetic wave of 2 GHz will usually penetrate only to a depth of 20 cm, while a 100 MHz wave can penetrate up to 30 m. However, a decrease in frequency will result in a loss of resolution; higher frequencies produce a smaller, more focused antenna footprint. High resolution is important for the detection of small objects such as roots, and will also allow differentiation between adjacent roots. Previous research has shown that for the application of coarse root detection (for practical reasons, fine and coarse roots are often separated based on a diameter threshold of 2 mm [Bohm, 1979] ), GPR frequencies within the range of 400 MHz and 1.5 GHz are most effective [Butnor et al., 2001; Barton and Montagu, 2004; Zenone et al., 2008] . A frequency of 1 GHz such as the one used in this study has a typical resolution of 1 cm. Lastly, there is a need to determine the optimal time period to perform GPR measurements. A clear signal from the root/soil interface can be expected when the difference between the water content within the root and the soil is largest Zenone et al., 2008] . Dannoura et al. [2008] showed that roots were not detectable when soils were wetter than roots; even under more ideal conditions, not all roots with water content < 25% could be detected.
[13] While all quoted studies found GPR technology adequate and successful in quantifying coarse tree roots, they also reported on the need to further improve signal processing and to better define the effect of site conditions on GPR readings. Because GPR remains a relatively new technology for examining root structure, an ancillary objective of our research was to test this methodology and help facilitate its application more broadly.
Field Site
[14] The research site is located in Northern California, USA, on the foothills of the Sierra Nevada Mountains near Sacramento (38 43 0 N and À120 97 0 E). The terrain is predominantly flat, at a height of 177 above sea level. Soils are shallow, typically not deeper than 40 cm, of silt-loam texture, classified as Auburn-Exchequer. The underlying
Survey Path
Time/Depth Figure 1 . Schematic representation of a GPR passing along the ground surface above a buried object (upper pane) and the obtained pseudo-image (lower pane). Because electromagnetic waves are sent and received in all directions, the reflections produce a hyperbola with the vertex above the position where the approach to the object is shortest. bedrock is comprised of slate and schist. Mean annual temperature for the site is 16.5 AE 0.7 C, and mean annual precipitation is 562 AE 193 mm. The climate is Mediterranean, characterized by high seasonality, with moderately cool and wet winters and hot and dry summers ( Figure 3 ). Groundwater table depth ranges between 10.5 m below the surface (December-January) to 9.5-8 m (April-May). Following years with a thick snow cover over the Sierra Nevada, spring groundwater depth as shallow as 3 m has been measured.
[15] The ecosystem is comprised of an oak-grass savanna, which is characteristic for this region. Vegetation phenology tracks site seasonality, with the grass understory and oaks each responding to unique environmental cues. With the onset of rains in late autumn, the annual grasses germinate and grow. Over the same period, the trees are dormant and leafless, and remain so throughout the cool winter. By midto late spring, soils dry out and grasses reproduce and die off. Yet for trees, spring is the peak activity season. Trees leaf out and acquire woody biomass as temperatures rise, shifting increasingly towards a maintenance phase through the hot, dry summer months ( Figure 3 ). The trees are predominantly blue oaks (Quercus douglasii), with occasional gray pines (Pinus sabiniana; 3 per hectare). The oaks were approximately 10 m tall, with a 6.5 m crown diameter, landscape LAI of 0.7, stem density of 144 ha
À1
, and a 65% coverage of the landscape [Baldocchi et al., 2010] . The understory annual species include Brachypodium distachyon, Avena spp., and Bromus hordeaceous. Maximum (April) LAI of these grasses varies annually but ranges between 1 and 2. Annual average of net ecosystem exchange (NEE) for the tree overstory and grassland understory was À367 and 269 gC m À2 yr
, respectively [Ma et al., 2007] .
[16] The GPR survey was conducted during late spring of 2011 (DOY 122-124), 5 weeks after a large rain event of 180 mm, so that soils were at the dry-down stage, but tree water uptake rates were still high. The hydrological year of 2010-2011 received 577 mm of total precipitation, similar to the long-term average at the site. Meteorological conditions during the 4-day survey period were relatively constant. Air temperature ranged between 10 C at night and 31 C at noon, relative humidity between 72% at night and 15% at noon, and daily maximum incoming net radiation was 755 W m
À2
. Soil water content measured with TDRs' at the field site decreased rapidly during the short survey period, from 23% to 19% at a depth of 5 cm and from 22% to 20% at a depth of 50 cm. At the time of survey, trees had completed leaf growth, and ecosystem fluxes were near peak activity (GPP was 2.98 g C m À2 d
À1
and evapotranspiration was 1.46 mm H 2 O d À1 on average for the survey period-overstory and understory combined). As described previously, these conditions were optimal for GPR detection of roots.
Measurement and Sampling Scheme
[17] The GPR survey was conducted at six tree locations of various size, age, and clumping. Each survey covered an area of 8 Â 8 m or less, when limited by spatial constraints and bole position (Table 1) . In order to best represent the diversity of tree size and age at the field site, we surveyed two large trees (Grid 3 and Grid 4), one small tree (Grid 5), one extremely large and old tree (Grid 7), and two tree clusters (Grid 2 and Grid 6). Cluster measurements were conducted around one central trunk, with additional 4-6 trees surrounding the surveyed area. This configuration captured the variability of trees of different size, age, and clumping Figure 2b was verified as bedrock in the excavated pits. Noise created by atmospheric interference at the upper part of the profile was stronger below the canopy. In Figure 2b , hyperbola-shaped reflections were later verified in situ as coarse tree roots (some are highlighted with red).
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at our field site, within the defined time and cost limits. Grass cover was relatively consistent within and between grids, with no visual differences across the landscape.
[18] In order to assess root biomass, we calibrated GPR signals against root biomass excavated from several pits. We positioned two rectangles of size 60 Â 100 cm in each of the grids prior to GPR measurements, at distances of 0.50 and 1.50 m from the main bole (Figure 4) . Following GPR measurements, each pit was dug down to bedrock.
The excavated soil was sieved on site (mesh size of 2.25 Â 2.25 cm, sieve size 0.9 Â 0.9 m), and all visible roots >2 mm in diameter were harvested in regular depth intervals. To ensure that the great majority of roots were obtained, the excavated soil was sieved onto a tarp and sieved again by shoveling the soil and roots that fell through the mesh on the first pass back onto the sieve. In the lab, roots were washed of soil, sorted into size classes, dried, and weighed.
[19] We used a GPR Noggin1000 SmartTow (Sensors and Software Inc., Ontario, Canada) configuration, in which 1 GHz frequency radar was connected to a handle and to a large odometer wheel. The Noggin was attached to a battery and a digital video logger, on which real-time collected data were presented during data acquisition. GPR data were collected in perpendicular X-Y lines, to allow maximum coverage of the surveyed area. In each direction, parallel lines were equally spaced 20 cm apart, and marked with ropes, so that each 8 Â 8 m grid contained 41 Â 41 lines. Odometer calibration was verified prior to measurements. The spatial distance between observation points along each surveyed line (station interval) was set to 1 cm. Radar frequency of 1 GHz allowed for a detection resolution of approximately 1 cm. The survey was conducted at a slow, constant pace, first measuring all X Figure 3b but for fluxes measured above the canopy (trees). The phenologic active period of the grass and trees are noted. The grass is active during the main wet season, while the trees leaf out when temperatures rise, peak during late spring, and maintain fluxes during the entire dry summer. direction lines and then measuring all Y direction lines. The locations of the bole (over which data were not collected) and pits were marked with fiducials (i.e., a reference point positioned in the field and observed in the produced image).
[20] GPR raw data were analyzed with designated software (GFP_Edit, EKKO_View, EKKO_Mapper; Sensors and Software Inc., Ontario, Canada). This included constructing grids from the collected lines according to the odometer readings and line numbers (Figure 4) , performing a standard GPR processing routine (DME; Dewow, Migration and Enveloping), and defining signal velocity according to hyperbola shape. These procedures allowed to collapse hyperbolas into line segments and connect transects into a plan view. Thus, points of high contrast in dielectric conductivity, presumably representing a soil/root interface, were transformed into lineaments representing roots. We geo-positioning each grid with GPS readings from the corners of the grids in order to view them on an aerial view ( Figure 5) . Next, the threedimensional values of radar reflection intensity were exported to MATLAB. Here a matrix with GPR values was prepared for each pit by extracting the corresponding area from the larger grid. We compared the two matching values for each of the 12 pits-GPR intensity and excavated root biomass-and used these data sets to obtain a calibration equation to convert GPR readings into root biomass. Subsequently, we analyzed the three-dimensional data to determine root distribution with depth and root distribution with distance from trees (rings of increasing radii extending from the bole to the largest perimeter entirely included within each grid).
[21] Upscaling root biomass from grid to stand scale was achieved by calculating the proportion of each measured tree configuration (size and clumping) in the oak-savanna woodland. We used an existing database of tree height and canopy width analyzed from airborne lidar data [Chen et al., 2008; Kobayashi et al., 2012] . This analysis was performed for a 600 Â 600 m area surrounding the GPR-surveyed area and included 2370 trees.
Results
GPR Methodology
[22] During measurements, differences in GPR image profiles were apparent between areas below tree canopies, in which distinct hyperbolas interpreted as roots were observed, and open grassy areas in-between trees, for which no or few hyperbolas were detected (Figure 2 ). We estimated wave velocity for different lines (position) and slices (depth) based on hyperbolas' shape and found a range of values between 0.09 and 0.12 m ns
À1
, with an average resembling that of the typical velocity for soils (0.10 m ns À1 ), which was chosen as average and applied to all measurements.
[23] These data were used to produce surface map slices of GPR reflections for each 2.5 cm layer. Despite the applied DME processing routine, noise was still observed in the upper three layers (i.e., to a depth of 7.5 cm; Figure 2 ). Below these top layers, we identified different elongated elements from the GPR map slices and interpreted them as roots ( Figure 6 ). This interpretation was validated though in situ field sampling for seven individual cases (Figure 7) . Validated root samples varied in depth between 8 and 35 cm and in diameter between 13 and 100 mm (roots are indicated and numbered on Figure 6 , and their dimensions noted in Table 2 ).
[24] Depth profiles of GPR reflections showed a distinct peak in values at the bottom of each profile. When compared to excavated bedrock depth, we found that the observed GPR peaks coincided with bedrock depth (Figure 8 ). We used this finding to determine bedrock depth at our site. However, peak values varied largely and ranged between 4500 to 11,000 mV for different pits. Accordingly, our attempts to define a threshold value indicative of roots, in order to adopt the methodology proposed by Butnor et al. [2003] , failed: choosing a low reflectance threshold value led to cases in which the soil/bedrock interface was interpreted as root, while choosing a high value inferred some roots might be neglected. Nonetheless, when comparing the excavated dry root biomass in the small pits to the GPR signal obtained by extracting the corresponding area from the larger GPR grid, we observed a good correlation between GPR and pit data. Among the 12 excavated pits (two for each GPR grid), five contained very low root biomass (<450 g), which was below detection. We also eliminated an additional pair of values, which was assumed to have a sampling error. This resulted in a sample size of n = 6 pits but high correlation coefficient and significance (R 2 = 0.90, p < 0.05; Figure 8 ). Once determined, this relationship was applied to the entire surveyed grid area. [25] When analyzing GPR images, we first detected the depth of maximum reflectance for each column of pixels (32 depth slices) and identified the depth where the GPR signal was at its local minimum above this depth. We assumed that this point corresponded with the minimum depth at which bedrock began to affect the GPR signal and used this information to define soil depth for each column. Finally, within the soil profile, GPR reflectance for each data pixel was converted to root biomass according to equation (1), resulting in a threedimensional representation of root biomass.
Soil Depth, Coarse Root Biomass, and Root Architecture
[26] Average soil depth was similar for both methods: 37 AE 15 cm for the six 8 Â 8 m GPR grids and 40 AE 17 cm Table 2 . Note that the excavated pit in Grid 5 was located on the edge of these three large roots (Figure 6 ), emphasizing the shortcoming of standard sampling methods. for the twelve 60 Â 100 cm excavated pits (Table 1) . Spatial variability in soil depth was high, and bedrock was exposed at depth ranging between 14 and 90 cm. Through GPR images, we observed that these variations occurred over short distances and revealed a complex bedrock topography below the soil (Figure 9 ). These observations were supported by results from pits, where excavated soil depth varied among neighboring sites.
[27] Root biomass depth profiles obtained from GPR analysis showed a decrease in density from a depth of 10 cm (1-1.5 kg m À2 , Figure 10 ) to 30 cm (~0.5 kg m À2 ). Below 40 cm, an increase in root density was observed for the large, isolated trees. Depth-biomass profiles were less easy to obtain with the excavation method, but results showed a similar pattern: 33% of biomass was located in the upper 20 cm, 46% between 20 and 50 cm, and 22% below 50 cm (Figure 11 ). The root biomass found below 50 cm came entirely from two pits, each associated with a different large and isolated tree, in which large roots where detected lying on top of the bedrock. Horizontal profiles of root biomass produced with GPR indicated highest densities around the bole (Figure 12) , with only 20% of coarse root biomass observed beyond 2.5 m from the bole, even for larger trees. (1) pits (2) pits (3) Figure 8 . A good fit was found between excavated bedrock depth and bedrock depth detected with GPR (black cross markers). A good fit was also found between excavated dry root biomass and GPR signal intensity for the pits (3) series. Pit series: (1) low root biomass, excluded from calibration, (2) sample error, excluded from calibration, and (3) used for calibrating GPR signal to dry root biomass. [28] Total tree root biomass for the whole 8 Â 8 m grids obtained from GPR analysis varied between 174 kg (tree cluster) and 592 kg (large, isolated tree; Table 1 ). Root density was lower for the small tree and tree clusters (2-6 kg m À2 at a distance of 0.5 m from the bole) and higher for larger trees (10-12 kg m À2 for the same distance). Average root biomass based on the six 8 Â 8 m grids was 7.0 AE 2.8 kg m
À2
. Average root biomass calculated on the basis of the 12 excavated pits was 4.5 kg m
, with high variability between pits (0.03-21.5 kg m À2 ).
[29] We used our acquired understanding of the root architecture in this ecosystem to upscale root density. When comparing root density for grids of similar tree size and clumping, deviation between sites was relatively small: root biomass was largest for the three large and isolated trees (10.3 AE 1.3 kg m À2 ), intermediate for the two tree clusters (6.8 AE 0.2 kg m À2 ), and smallest for the small tree (4.3 kg m
). Beyond 4 m from the bole, root densities were low, relatively constant, and similar for all surveyed grids (0.5 AE 0.3 kg m À2 ). Following field measurements, we developed parameters to sort trees into these three tree configurations based on their dimensions. Observations showed that tree height was similar for large and isolated trees and for clustered trees, but canopy width was roughly twice as large for isolated trees when compared to clustered trees. Small trees were significantly shorter than other trees. We accordingly divided the lidar-based tree population into the three tree configuration categories: 738 stems were of large and isolated trees (canopy height >7.5 m and canopy width >10 m), 1259 stems were of trees growing in clusters (canopy height >7.5 m and canopy width <10 m), and 366 stems were small trees (canopy height <7.5 m). Based on our results, roots were restricted to an area of 4 m radius around the bole for this calculation. Stand-scale root biomass was calculated as follows:
where RB ss (kg m
) is stand-scale root biomass and RB k (kg m
) is the biomass of each tree configuration k: (1) large isolated trees, (2) trees in clusters, (3) small trees, and (4) areas between trees. N is the number of stems in each category within the lidar surveyed area. r is the effective canopy radius (4 m). S is the lidar surveyed area (3.6 Á 10 5 m 2 ). Based on this calculation, stand-scale root biomass was 2.8 AE 0.4 kg dry matter m À2 .
Discussion
GPR Technology-Capabilities and Limitations
[30] In an ideal system, roots can be easily detected by GPR, based on the large difference in the dielectric permittivity between dry soils and water-conducting roots. However, real ecosystems are more complicated. Site characteristics such as soil texture and water content [Grote et al., 2003; Huisman et al., 2003] , root depth, root inclination, and root water content [Barton and Montagu, 2004; Dannoura et al., 2008; Zanetti et al., 2010] have a large effect on system performance. Moreover, determining root biomass based on GPR signal is based on the assumed relationships between (a) strong electromagnetic reflection and the existence of a root Figure 11 . Coarse root biomass (vertical axis, logarithmic scale) average for 15 excavated pits divided into depth categories (horizontal axis) and root class categories (diameter, , varied by color). The highest biomass was observed between depths of 20 to 50 cm, contributed mostly by a few very large roots. Fine root biomass might be underestimated in this study and is better represented for this site in a companion study which relies on soil cores for root biomass estimation. Size class categories follow those designated by Bohm (1979) . surface Hirano et al., 2008] and (b) root surface area and root mass [Dalton, 1995] .
[31] A number of different parameters can be used to transform the GPR signal into root biomass estimates. Through our literature review, it became apparent that different reflectancerelated parameters were most closely correlated with root biomass at different field sites. These include time interval of the returning signal [Barton and Montagu, 2004] , intensity of the reflected wave , area of high reflectance within a defined intensity threshold [Butnor et al., 2001; Dannoura et al., 2008] , and number of pixels within the threshold range [Butnor, 2003; Stover et al., 2007; Dannoura et al., 2008] . Although the threshold method (i.e., identifying a reflectance threshold value above which signals are designated as roots) was most widely used, we found it inappropriate for our site. One reason for this may have been the relatively shallow soils at our site, which does not allow for much depth separation. Another reason may be associated with the non-uniformity of root inclination. This complicates root detection due to variations in the interception angle between the root and the GPR antenna, affecting the returning GPR pulse [Butnor et al., 2001; Barton et al., 2003; Zenone et al., 2008] . As an outcome, GPR images of roots often do not look like continuous lineaments ( Figure 6 ). The use of a higher radar frequency (such as 1.5 GHz) with a smaller footprint (approximately 0.5 cm) may have decreased this effect but would have resulted with a shallow penetration depth (most likely less than 20 cm for silt-loam-textured soils such as those at our site). A more dense survey configuration with smaller spacing between lines might have also decreased this effect.
[32] Total GPR reflectance per soil column had the highest correlation with root biomass at our site. Potential bias associated with this particular metric includes misinterpretation of depth and density signals, and interference produced by soil moisture [Barton and Montagu, 2004] . However, the degree of bias is likely small : Stover et al. [2007] showed that soil moisture affected GPR interpolation only under saturated conditions, and Cox et al. [2005] showed that signal strength was more strongly controlled by root diameter than by burial depth. Further, basing our calibration on the complete soil column probably decreased the previously mentioned complications caused by variations in interception angle between the root and GPR antenna. Despite potential errors, field verification of GPR root images was successful, and GPR depth profiles were comparable to those obtained from excavated roots. Moreover, our stand-scale root biomass estimation of 2.8 AE 0.4 kg dry matter m À2 was similar to previous estimates based on allometric relationships for this field site: 1.2 kg C m À2 or approximately 2.4 kg m À2 of dry root biomass [Baldocchi et al., 2010] .
[33] The ability of GPR to survey large areas, and thus account for the large spatial variability of tree roots, speaks to its superiority over pit excavation methods alone. Comparison with the excavation method emphasized the shortcoming of standard excavation sampling, which often miss root clusters. For example, in Figure 7b , a cluster of very large and shallow roots was observed by GPR and later verified in situ, but root biomass from an excavated pit selected prior to the GPR survey and randomly located on the edge of these roots indicated very low coarse root biomass associated with this tree. Another advantage of GPR is the ability to estimate biomass of very large roots, which cannot be excavated.
[34] Despite assumptions, complexities, and limitations involved with GPR root survey, our research shows that when a careful site-specific calibration procedure is followed, GPR technology can successfully visualize and quantify coarse tree roots over large areas, therefore accounting for their large spatial heterogeneity.
4.2. Soil Depth, Coarse Root Biomass, and Root Architecture
[35] Soils serve as a reservoir for water, and therefore, the depth of this medium is an important factor in plant water availability. At our research site, soil depth was found to vary largely but was skewed towards more shallow depths, and roots were observed throughout the whole soil profile.
[36] Total tree root biomass varied between the six sampled trees and was lower for the small tree and tree clusters, and higher for the large and isolated trees (Table 1) . Root biomass was expected to be low for the small tree (260 kg, Grid 5). Low root biomass for trees growing in clusters (174 kg, Grid 2 and 350 kg, Grid 6) was supported by the lidar-based imagery analysis, which showed that canopy width of trees growing in clusters was considerably smaller than that of the isolated trees of similar height and probably lower aboveground biomass. Amongst the large trees, the largest and oldest tree (521 kg, Grid 7) did not support the largest root biomass (592 kg, Grid 3). An attempt to age this old tree with an increment borer was unsuccessful, because most of the bole was hollow. Our root biomass estimate indicates that a similar process of coarse root decay may also take place belowground.
[37] Combining GPR and lidar analysis to upscale tree root biomass to stand-scale biomass resulted in an estimate of 2.8 AE 0.4 kg dry matter m
À2
, which is similar to previous estimates based on allometric relationships for this field site [Baldocchi et al., 2010] . In the quoted research, aboveground biomass was estimated to be 7.4 kg dry matter m
, producing a 2.6:1 relationship between aboveground and belowground biomass.
[38] GPR-based mapping of root distribution showed that for larger and older trees, an increase in root density was detected above the bedrock. Presumably, root proliferation just above the bedrock occurs as a result of lateral growth on the bedrock surface when roots meet boundary of reduced permeability. Because percolating soil water will be stopped at the bedrock, this interface creates a desired environment for roots. More so, such rooting pattern may indicate on root penetration through the soil/bedrock interface.
[39] Lateral coarse root distribution was found to be limited to a short distance from the bole, creating large heterogeneity in lateral coarse root density between trees and open grassland patches. Only 20% of coarse root biomass was observed beyond 2.5 m from the bole, even for larger trees. Interestingly, these results provided additional verification for previous research at this site, which found that soil respiration decreased with distance from the tree bole, dropping off beyond a distance of 2-3 m [Tang and Baldocchi, 2005] . These findings differ from those of temperate and semi-arid sites, which more often report finding shallow root systems that extend to much greater distances laterally [Rutherford, 1983; Mordelet et al., 1997; Macinnis-Ng et al., 2010; Litvak et al., 2011] , in order to efficiently capture the shallow soil water. Instead, the root architecture at this site appears more typical of the deep and narrow root systems at arid sites [Akpo, 1993; Hipondoka et al., 2003] .
[40] Why, then, are not coarse root architecture in this ecosystem more similar to those of other semi-arid ecosystems? We explain this rooting pattern by the linkage between tree phenology and soil water availability, as follows. At this site, oaks leaf out during early spring warming, when soil water content is at its peak (>30% m 3 m
À3
). Ecosystem CO 2 uptake reaches peak flux rates in June, and at this time, water content is still abundant (>20% m 3 m
, Figure 3 ). Therefore, in most years, the ecosystem is energy limited and not water limited throughout the growing season, eliminating the need for an extensive coarse lateral root system, which would exceed that required to meet peak demands. However, a concurrent study at this site indicates that fine roots, which can be highly ephemeral, extend to much greater distances laterally at the time of peak growth and thereby facilitate water uptake while water is abundant [Koteen et al., in prep.] . Secession of the rain season in late May occurs when temperatures are already warm and further accelerate soil drying, so that within a short period, soil moisture drops from above 20% in June to below 10% in July (Figure 3 ). In summer, drought conditions are extreme, even for Mediterranean-type vegetation, and pre-dawn water potentials as low as À6 MPa have been measured [Baldocchi et al., 2004] . Therefore, maintaining an extensive coarse lateral root system during the dry season would impose significant metabolic costs at a time of high stress and when soils are too depleted in soil moisture for significant root water uptake.
[41] Both aboveground and belowground dynamics reflect adaptation to constraints imposed by the intense seasonality of the Mediterranean-type climate and exhibit characteristic strategies. Aboveground, oaks have been shown to enhance stomatal closure and to down-regulate photosynthetic functions (i.e., maximum carboxylation rates (Vc max ) and the rate of light saturated photosynthetic electron transport (J max )). These adjustments allow them to restrict water loss while maintaining low rates of productivity [Dickson and Tomlinson, 1996; Vaz et al., 2010] . Belowground, the narrow root architecture most likely enhances water uptake from groundwater during the dry season by roots that penetrate the bedrock. In addition to summer groundwater uptake which has been verified for this site [Miller et al., 2010] , we speculate that two other processes associated with deep water sources may improve water uptake during the dry season: water uptake from fissures in the bedrock itself [Stone and Kalisz, 1991; Schiller et al., 2010; Schwinning, 2010] and hydraulic lift from deeper soil layers and bedrock fissures to the fine roots located at shallower depths [Ishikawa and Bledsoe, 2000; Prieto et al., 2012] .
Conclusion
[42] The binary nature of this Mediterranean savanna, in which water is either abundantly available or scarce, is reflected in the architecture of the tree root system. The explicit tradeoff between investment in an extensive root system to capture water when it is abundant, and the need to maintain that system when water is scarce, is revealed in a root system that is narrow and deep.
[43] These findings were obtained by surveying coarse tree roots with ground penetrating radar. The feasibility of GPR to determine soil depth, map coarse roots, and estimate their biomass was tested and found successful. Calibration of GPR signals against manual sampling of roots in excavated pits allowed us to estimate root biomass and to produce a three-dimensional characterization of coarse roots in this ecosystem. Measurements from this survey have shown that soils are relatively shallow and that tree roots extensively occupy the whole soil profile, with large trees exhibiting a peak in biomass at the bottom of the soil profile. The radial extension of roots was found to be small-density decreased with distance from the bole and dropped sharply at a distance shorter than the drip line.
[44] In order to upscale these measurements to the landscape scale, we used lidar data of tree distribution and architecture. We calculated the relative abundance of each tree size and type (isolated versus clusters of trees) from the lidar data and used scaling relationships to upscale our GPR measurements. The sum of the stand-scale root biomass (2.8 AE 0.4 kg dry matter m
À2
) matched independent estimates that were derived from earlier-determined forest allometric relationships.
[45] In this research, we have characterized the distribution of coarse tree roots of a North-Californian oak savanna in order to better understand the ecohydrology of this system. We have found that from an ecohydrological point of view, a narrow and deep tree coarse root system is more practical for this oak savanna both during the water abundant growing season and the water depleted carbohydrate maintenance season. Such information is important for future assessment of ecosystem sensitivity to changes, especially in groundwater recharge originating from the Sierra Nevada snow cover; changes in annual precipitation amounts, storm intensity, and temporal distribution of storms over the course of the year; and regeneration of new seedlings. Our research has shown that the combination of resource availability, which is primarily water in this ecosystem, and plant demand is portrayed in the form of the root system.
